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Abstract
We present a detailed transmission electron microscopy and electron 
diffraction study of the thinnest possible membrane, a single layer o f carbon 
atoms suspended in vacuum and attached only at its edges. Membranes 
consisting o f two graphene layers are also reported. We find that the 
membranes exhibit an apparently random spontaneous curvature that is 
strongest in single-layer membranes. A  direct visualization o f the 
roughness is presented for two-layer membranes where we used the 
variation o f diffracted intensities with the local orientation of the 
membrane.
The recent discovery o f graphene in a quasi-free state [1, 2] has sparked considerable interest in the 
science and applications o f this new material with its remarkable electronic properties. Graphene 
monolayers on semiconductor substrates can be patterned and contacted by conventional lithographic 
techniques, and the resulting devices provide access to the rich physics o f quantum electrodynamics in a 
solid state physics experiment [3, 4]. However, graphene provides not only a two-dimensional electronic 
system. It also provides the best possible approximation to a two-dimensional material in all other 
aspects, e.g. with respect to lattice vibrations [5-7] or as a mechanical system [8].
Indeed, the apparently 2D structure itself is one o f the most intriguing properties o f graphene. In a 
graphite crystal, the atoms within individual planes are arranged on a strictly 2D honeycomb lattice with 
strong in-plane (sp2) bonds and only a weak (van der Waals-like) out-of-plane interaction. Even after the 
separation of individual planes by mechanical cleavage, the graphene sheets sustain a sufficiently 
ordered state to support sub-micron mean free paths. This is o f particular significance in the view  of 
theoretical arguments which show that 2D crystals should not exist [9-14]. However, in most previous 
experiments, graphene layers were supported by a substrate, or embedded in a bulk material. We have 
prepared freely suspended membranes o f singe- and few-layer graphene and analyze their structure by 
transmission electron microscopy (TEM). Our analysis shows that these two-dimensional membranes do 
not remain flat but show a roughness that appears to be intrinsic to graphene membranes.
To make graphene membranes, we started with the established procedure o f micromechanical cleavage 
[1-4] and obtained graphene crystallites on top o f a silicon substrate with a 300nm silicon dioxide layer. 
Potential mono-layer sheets were identified by optical microscopy or scanning electron microscopy, and 
located with respect to a marker system. A  metal grid with 400nm-wide bars separated by distances 
between 400nm and 1000nm was then deposited on the graphene sheets by electron beam lithography 
and thermal evaporation o f 3nm Cr and 100nm Au. The substrate was cleaved through the grid, close to 
the graphene so that it is within ~  50pm o f the cleaved edge. We then etched the bulk silicon from the 
side o f the cleaved edge, leaving the metal grid with the graphene membrane extending over the edge of  
the substrate. The first etching step consisted o f several hours in 15% tetramethylammonium hydroxide 
at 60°C, which removed the bulk silicon but left the oxide layer and the metal grid in place. This etching 
step was monitored with an optical microscope and stopped as soon as a sufficient part o f the metal grid 
was undercut. Next, the free-standing part o f the oxide layer was removed by 5 minutes in 6% buffered 
hydrofluoric acid. Finally, a critical point drying step was required to preserve these delicate structures, 
so that the graphene membranes remained attached to the grid. The free-standing part o f the grid then 
became accessible by TEM. A  similar process was used previously to obtain fragile TEM-compatible 
carbon nanotube devices [15,16].
Figure 1 shows a suspended graphene membrane with a lateral size o f several micrometers. This sample 
was identified as two layers by electron diffraction. In the bright-field TEM images, these membranes 
provided no detectable absorption and were only visible as phase contrast at a sufficiently large defocus. 
Folds and scrolls are seen at the rim of the membrane (Fig. 1 inset), whereas large parts o f the inner 
regions appears featureless. Occasionally, adsorbates o f unknown origin were found, such as those 
visible in Fig. 1, but they tend to cluster and leave most o f the membrane clean.
Figure 2a shows an example o f a single layer graphene membrane. The regions indicated by the arrows 
are an individual layer o f carbon atoms suspended in vacuum and attached only at its edges, as verified 
by electron diffraction. In this dark-field TEM image the incident beam and objective aperture have been 
set to select only electrons that were scattered by a small angle, by tilting the primary beam to just 
outside the aperture. Since no Bragg reflections are selected in this way, an image o f the thickness is 
obtained for a single element sample. Accordingly, the gray levels in the folded areas are integer 
multiples o f that in the single-layer area. This imaging mode is also very sensitive to surface adsorbates
[17] and the homogeneous appearance in Fig. 2 indicates a good purity o f the membrane.
The number of layers in a suspended graphene membrane can be determined by nanoarea electron 
diffraction patterns by varying incidence angles between the electron beam and the graphene sheet. This 
approach effectively probes the whole 3D reciprocal space. Fig. 3a,b shows calculated 3D Fourier 
transforms o f single- and bi-layer (AB stacked) graphene atom positions (Note that the atomic scattering 
factors are not incorporated here, so that the intensities in Fig. 3a,b are only qualitatively correct). High 
intensity volume elements in this 3D data set are visualized by an isosurface, and a section through the
data corresponding to the normal incidence diffraction pattern is shown as colours on the blue plane. For 
a single layer planar crystal the reciprocal space is a set o f rods (arranged on the 2D reciprocal lattice) 
with a weak, monotonous intensity variation normal to the plane. The intensity profile along any o f the 
rods is given only by the product o f the atomic form factor and the effective Debye-Waller factor. For 
two (or more) layers, an additional modulation appears. As a consequence, variations o f a few  degrees in 
the tilt angle lead to strong variations in the diffraction intensities for all multi-layer samples independent 
o f the stacking sequence, which allows a direct and unambiguous identification o f single- vs. multi-layer 
samples.
Fig. 3(e-h) shows the variation o f diffraction intensities with tilt angle for a single- and bi-layer 
membrane, both as experimental data (solid lines) and numerical simulations (dashed lines). These 
simulations are obtained by a Fourier transform of projected atomic potentials, and are based on the 
scattering factors o f Ref. [18]. The simulation takes into account that the number of atoms within a beam 
increases as the sample is tilted, leading to a slight increase in intensity with tilt angle in some peaks. We 
use the Bravais-Miller (hkil) indices to label the peaks equivalent to the graphite reflections at normal 
incidence, although, strictly speaking, the index would be different for the bi-layer reflections after tilting 
through a minimum. It was found that all our few-layer samples, prepared by mechanical cleavage o f  
graphite, retain the Bernal (AB) stacking o f the source material. Once this is established, the single layer 
membranes can be identified from a normal incidence pattern only, by analyzing the intensity ratio o f the 
Bragg reflections (Fig. 1). However, we note that AA... stacking has been reported in carbon nanofilms 
produced by another technique [19].
The tilted incidence patterns provide insight into structural modifications that occur in these atomically 
thin membranes: namely, they reveal deviations from the idealized graphene sheet. While the total 
(integrated) intensities within each Bragg reflection agree quite well with the model o f a flat membrane, 
the actual shape and widths o f the peaks show striking deviations from the standard diffraction behavior 
of 3D crystals [20,21]. Fig. 5 shows two diffraction patterns obtained from a single-layer membrane at 
incidence angles o f 21° (a) and 28° (b). We observe that the peaks broaden with increasing incidence 
angle, such that a sharp peak at normal incidence spreads isotropically to an approximately Gaussian 
shaped smooth intensity distribution. Moreover, the widths o f the Gaussian fits are roughly proportional 
to the tilt angle and to the distance o f the peak from the tilt axis (that is, peaks close to the tilt axis remain 
rather sharp). This effect is very prominent in single-layer membranes but it is significantly reduced in 
two-layer samples and not present in thin graphite. For comparison, Fig. 5(c) shows the diffraction 
pattern from a two-layer membrane under the same conditions as for the monolayer in Fig. 5(a). In fact, 
Figs. 5 (a-c) were obtained from the same sample, with the membrane being single-layer in one half o f  
the area and bi-layer in the other half. Therefore, Fig. 5 (a) and (c) were obtained at precisely the same 
angle, orientation and imaging conditions, with the only difference being the number o f layers.
The peak broadening can be understood by assuming that the graphene membrane is not exactly flat. If 
we model the membrane as a number o f locally flat pieces with slightly different orientations, each piece 
yields a diffraction peak at a slightly different position, and their incoherent superposition leads to 
diffraction intensities that do not fall onto a single point. In the reciprocal space, this can be understood 
as a superposition o f rods with slightly different orientations (Fig. 6), so that the diffraction intensities are 
different from zero in a cone-shaped volume. This model also predicts that the peaks are sharp at normal 
incidence and their width increases linearly with tilt angle, as indeed observed experimentally. Fig. 6 f  
shows the FWHM width of diffraction peaks with tilt angle. The linear slope can be directly related to 
the cone angle, which is found to be =10° in monolayer samples. This means the surface normals deviate 
by ca. 5° from the mean surface. For bi-layer membranes, the spot broadening is approximately half as 
strong as in monolayers, which implies a mean deviation o f ^2°.
Although in bi-layer samples the curvature o f the membrane is only approximately half as strong as 
compared to monolayers, it is easier to visualize directly. We could observe the roughness o f bi-layer 
membranes by using the strong variation in their diffraction intensities with tilt angle (Fig. 4g,h). We 
used convergent beam electron diffraction (CBED) with the sample offset from the beam focus to map 
out the diffraction intensities for a portion o f the sample (Fig. 7). In this way, each diffraction spot 
allowed us to image the illuminated area for this particular Bragg reflection [20]. Since these intensities 
are obtained through Bragg reflections from the crystal lattice, they depend only on the local orientation 
of the graphene membrane and cannot be an image o f adsorbates or defects. The variation of the 
incident beam angle across the sample due to the convergent probe can be neglected for a two-layer 
graphene membrane 1. The resolution is approximately given by the size o f the spot at the beam focus in 
Fig. 7d. Reducing the spot size leads to strongly decreased diffracted intensities as compared to the 
undiffracted beam, which effectively limits the resolution (this can be seen by comparing Fig. 7f, that 
exhibits a good signal-to-noise ratio but shows only large scale variations, with Figs. 7g-j, in which the 
spot size is optimized to obtain a better resolution at the expense o f a noisier signal). The variation in 
local orientation o f the membrane leads to intensity variations within the CBED spots which is in 
ageement with the ca. ±2° deviation from the average normal that was inferred from the broadening of  
the spots in the nanoarea diffraction patterns. Figs. 7g-j show ripples with a lateral extent down to 15nm, 
which we estimate as the resolution limit in this configuration. Ripples o f smaller lateral extent (few nm) 
have been observed by atomic resolution TEM imaging [22]. Importantly, the ripples are found static 
(CBED patterns are reproduced at subsequent exposures, see Fig. 7) and have an apparently random 
distribution o f lateral sizes, orientation and heights. We note again that the grey scales in Fig. 7g-j 
correspond to different orientations rather than heights: One can view  the image in Fig. 7h as a curved 
landscape illuminated at a grazing angle from the lower left corner, like mountains at sunrise. The actual 
shapes o f the ripples becomes clear in this way; and this appearance is well justified by the underlying 
contrast mechanism.
Our TEM studies show that the suspended graphene membranes assume a static, non-flat configuration 
with apparently random microscopic out-of-plane deformations where surface normal varies by several 
degrees. The smooth Gaussian shaped broading implies that there are large number o f different 
orientations present within the submicron diameter electron beam, and that the surface normal must vary 
in all directions. This means that there is a microscopic roughness present within our membranes with 
no preferred orientation. The reproducible appearance across samples indicates that it is an intrinsic 
effect. It is important to note that the homogeneous and isotropic broadening we observe is not 
compatible with bending deformation o f a rigid membrane. This contradicts the assumption o f an 
incompressible sheet, which could be curved in one but not two directions. To emphasize this point, we 
remind that, for example, a sheet o f paper (which has a very high in-plane elastic modulus) can be 
curved into a cylinder but not into (a section of) a sphere. Consequently, the observed broadening can not 
be explained by strain-free deformations o f graphene. We estimate local strains o f up to 1% for the 
single-layer membranes.
From a theoretical point o f view, graphene is an example o f a crystalline membrane, or can also be 
described as a polymerized membrane or a tethered membrane. This class o f membranes is predicted to 
exist in three different configurations: a flat one, a so-called crumpled phase with a fractal dimension, 
and a compact (collapsed) phase [23]. While most calculations assume a free membrane, our graphene 
sheets are attached to a solid frame that provides a boundary condition. This forces the membrane to be 
flat on the spatial scale o f the supporting frame. In this study we have focused on these nearly flat 
regions, and observed static ripples. Note that, strictly speaking, ideal 2D crystals are thermodynamically 
unstable at a finite temperature [24-26]. The apparent stability o f graphene membranes can be due to the
1 This is in contrast to CBED experiments on bulk crystals, where often the whole point of the CBED pattern is to
map out an intensity vs. incidence angle dependence. However, for only two layers, significant intensity variations require 
tilting by a few degrees (Fig. 3g,h) instead of tiny fractions of a degree as in bulk crystals.
fact that they are quenched in a meta-stable configuration after being extracted from 3D (that is, stable) 
graphite at a relatively low temperature so that strong interatomic bonds and small sample sizes do not 
allow the generation and propagation o f crystal defects. An interesting alternative is that the observed 
rippled configuration can increase the thermodynamic stability o f graphene membranes, and may in fact 
be energetically more favorable [24-26]. While graphene on a substrate is supported on the entire area, 
the membranes have a higher degree o f freedom that would allow them to move towards a more favored 
configuration as far as permitted by the supporting frame. In fact, we also observed crumpled sheets that 
became partly detached from the metal grid (Fig. 8), and we expect that further studies o f these 
structures, as well as o f scrolled and folded regions near membrane edges, will provide further insights 
into the interesting problem of stability o f 2D crystal systems. In any case, more experimental and 
theoretical work is required to understand the observed roughness.
In conclusion, single-layer graphene can be used to make the thinnest possible membranes, with a 
thickness o f just one atom. We present an unambiguous identification o f single- and bi-layer samples by 
nanoarea electron diffraction. The membranes are not flat but exhibit random out o f plane deformations. 
The one atom thick membranes are intriguing objects for research that are strikingly different from 
ordinary three-dimensional crystals.
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Figures
Figure 1: TEM image o f suspended graphene (darker gray areas) supported by a microfabricated metal 
grid (black lines). The inset shows a scroll at the edge. Scale bar 1 pm, and 20 nm for the inset.
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Figure 2: (a) Small angle dark-field TEM image o f a single-layer graphene membrane. The dark grey 
area indicated by the white arrows is the single-layer region, as proven by electron diffraction 
measurements. Under these imaging conditions the intensity is proportional to sample thickness. The 
right part o f the flake is folded, and indeed the recorded intensities in the folded areas are precisely 
integer multiples o f the intensity in the single-layer area. Panel (b) quantifies this behavior by showing 
line profiles indicated with the respective colour in (a). In particular, the red profile plot exemplifies the 
very homogeneous appearance o f the single-layer region, while green and blue lines show a double and 
triple folded region of the membrane. The horizontal lines are a guide to the eye. Scale bar in (a) is 
500 nm.
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Figure 3: Reciprocal space o f single- and double-layer graphene, as probed by electron diffraction 
experiments. (a) For single-layer graphene, intensities in reciprocal space are continuous rods so that the 
intensities in a diffraction pattern vary only weakly (only due to the atomic form factor) with the tilt 
angle between the membrane and the incident beam. (b) For two-layer samples, an intensity variation 
along the rods is present, and the diffraction peaks are suppressed at certain angles. The blue planes 
indicate a diffraction pattern that would be obtained at normal incidence, and the red plane for tilt angle 
o f 20°. (c), (d) Normal incidence diffraction patterns o f a single- and double-layer graphene membrane, 
respectively. The reflections plotted in (e-h) are indicated by the same colour. (e-h) Experimental data 
(solid lines) and electron diffraction simulations (dashed lines). (e,f) Intensities o f diffraction peaks in the 
single layer membrane for a wide range o f tilt angles (the plots are separated into two diagrams for 
clarity). The weak and monotonic variation is an unambiguous proof for a suspended monolayer. (g,h) 
The same analysis for the bi-layer membrane (d), showing the clear variations in the peak intensities with 
tilt angle. The behaviour matches simulations only for an AB stacked bilayer.
Figure 4: Nanoarea electron diffraction pattern o f a single layer graphene membrane (a), and a two- 
layer membrane (b), at normal incidence. A  profile plot along the line between the arrows is shown 
below in (c,d). If we assume that our samples always retain the Bernal (AB) stacking o f the source 
graphite, the monolayer membranes can be identified already from the intensity ratios o f the diffraction 
peaks (a definite identification for the number o f layers and stacking sequence is obtained by the tilt 
series as shown in Fig. 3.). (e,f) Foldings at the rim o f the membrane, where the sheet is locally parallel 
to the beam, show predominantly one line for single-layer samples (e), and two dark lines for two-layer 
samples (f) (see also Fig. 8d). Scale bars are 2 nm.
Figure 5: Tilted incidence diffraction patterns. (a), (b) 
Single layer graphene membrane at 21° and 28°, 
respectively. The peaks spread out into a smooth 
gaussian shaped intensity distribution with increasing tilt 
angle. (c) Two-layer graphene at 21° for comparison.
b 1 layer
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Figure 6: Explanation of peak broadening. For a flat graphene crystal (a), diffraction intensities constitute 
sharp rods in reciprocal space (b) that are parallel to the surface normal (also compare with Fig. 3a). If 
the surface is uneven (c), the diffracted intensities are obtained by a superposition o f many rods with 
slightly different orientation (d). This gives rise to non-zero intensities in cone-shaped volumes in 
reciprocal space, and therefore to broadened diffraction peaks in the tilted incidence diffraction patterns. 
(e) Peak profiles (for the (0-110) reflection o f Fig. 3c) for different incidence angles (black curves) and 
Gaussian fits (red), with an offset that corresponds to the tilt angle in degrees. The peak heights are 
scaled to the same size. A  cone that connects the curves at approximately their FWHM is drawn as a 
guide to the eye. (f) FWHM o f Gaussian fits for single- and bi-layer graphene vs. tilt angle. The slope 
(dashed lines) is proportional to the cone angle in (d). The peak broadening in bi-layer samples is 
approximately half as strong as in monolayers.
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Figure 7: Convergent-beam electron diffraction (CBED) patterns from a two-layer graphene membrane. 
With the probe beam focused on the membrane (a), a pattern with smooth intensity discs (b,c) is 
obtained. If the sample is above (or below) the focus o f the beam (d), each diffraction spot provides a 
mapping o f the diffracted intensity for the illuminated area (e,f). Variations in the local orientation o f the 
membrane translate into intensity variations inside the diffraction spots. The resolution is limited by the 
spot width at the crossover (indicated by the black arrow in (d), idealized as a point in the diagram). 
Repeated exposures o f the same area reproduce the same pattern (g,h) but changing the position on the 
membrane shows a new configuration (i,j). The illuminated area in (g-j) has a diameter o f ca. 150 nm, 
and ripples with a lateral extent down to the resolution limit o f 15 nm are visible. (k) Colour-coded 
CBED intensities, representing a sample area o f ca. 300 nm within the dashed line.
Fig. 8: Non-flat graphene configurations. (a) Overview of a folded flake that does not bridge the gap in 
the supporting grid but is attached only at one side. (b,c,d) Close-ups that resolve individual layers. (c) 
Transition from a single folded area (two layers) to a double fold (four layers). (d) Graphene sheet folded 
back onto itself and oriented parallel to the beam. The folding contains a hollow channel, similar in 
appearance and diameter to that typical for carbon nanotubes. We believe that similar nanoscrolls occur 
at the edges o f flat areas such as shown in Fig. 4e,f. (e) Diffraction pattern from a scroll, and (f) the same 
pattern with features being assigned. The pattern is very similar to that o f multi-walled carbon 
nanotubes. The dashed hexagons indicate two strong sets o f peaks, showing that this scroll is rolled up 
almost along an armchair direction . The spacing and sharpness o f (0002) type reflections shows that it is 
a tight scroll with an interlayer distance as in MWNTs (within experimental error). The streaks 
(indicated by arrows) show that the graphene sheet is indeed curved at the scrolls, rather than multiply 
folded. Scale bars (a) 50 nm, (b,c,d) 2 nm.
